Abstract. Distribution of radiolabeled assimilates was examined at various intervals after 1 hour of light or dark 14 CO 2 fixation by leaves or developing fruit of grapefruit (Citrus paradisi Macf.) so that the fate of assimilates from each source could be assessed at sequential stages of fruit growth. Exported products of both light and dark 14 CO 2 fixation in leaves were deposited primarily in juice tissues of fruit even during periods of substantial dry weight accumulation by peel. Fruit photosynthesis, however, gave rise to assimilates that remained almost entirely in the peel (flavedo and albedo) even 7 days later, regardless of dry matter increases by other tissues. Products of dark 14 CO 2 fixation by intact fruit were recovered in all tissues but predominated in the peel of young fruit vs. juice tissues at later stages of growth. Comparison of dry matter gains and 14 C-labeled assimilate distribution indicated that fruit photosynthesis likely contributed substantially to development of peel but not juice sacs. Data on dark 14 CO 2 fixation were consistent with its suggested involvement in organic acid synthesis by juice sacs.
The vast majority of assimilates are produced by leaves during photosynthesis in light, but CO 2 fixation occurs in fruit as well as leaves, and in both light and dark. Partitioning and translocation of photosynthates derived from source leaves of whole plants are relatively well-documented in various commercially important food species (Daie, 1985; Wardlaw, 1968; Wareing and Patrick, 1975) . Less information is available for fleshy fruit crops, including citrus, but these fruit are known to be strong sinks for leaf photosynthates (Kadoya, 1974; Kriedemann 1969a Kriedemann , 1969b . The presence of fruit can increase photosynthetic efficiency of citrus leaves and partitioning of photosynthates (Lenz, 1979) . Leaf photosynthates enter the fruit interior very slowly, however, and are transferred via relatively few vascular bundles and extensive areas of juice sac stalks completely lacking phloem Avigne, 1984, 1990; Koch et al., 1986) . Seasonal alteration has been reported by Brown (1974) for the extent of leaf-derived assimilates arriving in navel oranges. We found no reports examining changes that occur in photosynthate translocation or distribution within these fruit during their development, however.
Photosynthesis also occurs in fruit of many crops. Studies of pea and soybean indicate that pods can provide photosynthates to developing seeds by reassimilation of respiratory CO 2 (Atkins. et al., 1977; Quebedeaux and Chollet, 1975) . In a young green apple or citrus fruit, photosynthetic CO 2 fixation is of sufficient magnitude to conserve 20% to 80% of the CO 2 released by dark respiration, depending on the stage of development (Bean et al., 1963; Kidd and West, 1947; Schaedle, 1975) . Also, 25% of the 14 C-labeled photosynthates produced in satsuma mandarin fruit were recovered 5 days later in juice tissues (Akao and Tsukahara, 1979) . Fruit photosynthesis is reported to decrease toward maturity in citrus (Bean and Todd, 1960; Moreshet and J. Amer. Soc. Hort. Sci. 115(5):815-819. 1990. Green, 1980; Ramakrishnan and Varma, 1959; Todd et al., 1961) , and its total contribution to orange and lemon growth is believed to be relatively small compared with that of assimilates translocated from leaves (Moreshet and Green, 1980; Todd et al., 1961) . Little other information is available on partitioning, distribution, or redistribution of photosynthates produced by grapefruit or other fleshy fruits.
Dark CO 2 fixation, an anaplerotic reaction contributing to amino and organic acid formation (Bidwell, 1983) , is involved in normal growth and development of many tissues from roots (Splittstoesser, 1966) to flower buds of 'Valencia' oranges (Vu et al., 1985) . Organic acid synthesis in citrus juice tissues may well be another example. Minimal research has been directed toward analysis of assimilates arising from nonphotosynthetic carboxylation reactions in fruit. However, greater amounts of 14 C-labeled assimilates are found in citrus juice sacs than surrounding tissues after each is separately exposed to 14 CO 2 in darkness (Bean and Todd, 1960) . Greater proportions of labeled organic acids (predominantly citric) and amino acids are also recovered in juice tissues after dark 14 CO 2 fixation by fruit than by photosynthesis of the same tissues. Dark CO 2 fixation has long been considered one possible source of organic acid synthesis in citrus (Bean and Todd, 1960; Huffaker and Wallace, 1959; Young and Biale, 1968) . Neither the extent of dark CO 2 fixation in whole, intact fruit nor developmental changes in these reactions have been examined.
We therefore compared the distribution of labeled assimilates derived from 14 CO 2 fixation in light and darkness by grapefruit and adjacent source leaves throughout fruit development.
Materials and Methods
Fruits and/or branches with source leaves adjacent to the fruit were randomly selected from between 1 and 2 m above ground level on the exterior canopy of 4-year-old grapefruit trees ('Foster' seedless clone no. 1-26-39) on 'Savage' citrange or sour orange rootstock in Lake Wales, Fla. (Hearn, 1986) . There were no evident differences in quality (size, composition, and development) among fruit from trees on these two rootstock (data not shown). Samples from a given tree were used for various analyses. Each tree represented one replication and four trees were used for each experiment. Fruit with 10-cm subtending branches were cut from trees on 7 May, 25 June, 27 July, and 10 Sept. 1986 ( 40-day intervals), at 2, 3.5, 5, and 6.5 months post-anthesis, respectively. Pedicels and branch bases were immediately immersed in water and all but a single large leaf nearest the fruit were removed. A similar procedure was used to harvest fruit on small branches, (leaves not included) on 7 June, 8 July, and 10 Sept. 1985, 3, 4 , and 6 months, respectively, after anthesis.
At each developmental stage, detached fruit or the fully expanded leaf nearest to an attached fruit was enclosed in a cuvette (143 ml for leaves and either 2.0 or 5.0 liter for fruit) and exposed to 13.6 µCi (1 Ci = 37 GBq) 14 CO 2 /liter for 1 hr in light followed by ambient air for 24 hr (12 hr light :12 hr dark photoperiod). A continuously recirculating airflow was passed through each cuvette at 1.0 liter·min -1 using a closed, flowthrough gas analysis system with an infrared CO 2 analyzer (Model 865; Beckman Instruments, Fullerton, Calif.) Before each labeling period, the system was opened, flushed with N 2 , and immediately filled using a compressed source of air and 14 CO 2 of a known specific activity. The system was then closed and total CO 2 levels monitored throughout the exposure period. Temperature was maintained at 28C and photosynthetic photon flux density at 800 to 1000 µmol·s -1 ·m -2 . Light was provided by a Lucalox lamp (General Electric, Cleveland, Ohio) . Similar experiments were conducted in 24 hr of continuous darkness using cuvettes completely sealed with several layers of aluminum foil. Fruit were exposed to 14 CO 2 within a few hours after pedicels or branches were removed from trees, and studies with source leaves were conducted the following morning. Distribution of 14 C-labeled assimilates within fruit on such branches was comparable to results obtained in studies using intact, container-grown trees (Koch and Avigne, 1990) .
Experiments were terminated by separating tissues into leaves and pedicels (if present), flavedo (outer 2 to 3 mm of pigmented peel), albedo (inner, nonpigmented peel), and juice tissues. Samples were frozen in liquid N, boiled in 80% (v/v) ethanol, and refrozen for subsequent grinding and further ethanol/water extraction as described by . Radioactivity in each sample was quantified by liquid scintillation spectrometry (LKB, Gaithersburg, Md.). The ethanol-soluble fraction was measured by pipetting 0.1 ml of sample into 15 ml scintillation cocktail (Scinti Verse II, Fisher Scientific, Fair Lawn, N.J.). The ethanolinsoluble fraction was measured by suspending a known portion of the fraction (oven-dried for uniform weight) in scintillation gel [1:4, coater : ScintiVerse II (Fisher Scientific, Fair Lawn, N. J.) ]. Particulate material was evenly distributed in this gel, and minimal differences were observed between duplicate samples of each insoluble fraction.
Fresh and dry weights were determined for separate samples before and after 4 days of oven-drying at 60C.
Results and Discussion
Fruit development. Fruit dry weight increased continuously during the developmental period examined, but did so most markedly during the 3rd and 4th months of growth (May to June) (Fig. 1A) . Flavedo and albedo of peel accumulated the majority of their dry weight during this period. Increases in dry weight of juice tissues accounted for almost all change in total fruit dry weight during the second half of fruit growth.
Fresh weight gains during development (Fig. 1B) were proportional to those of dry weight but more pronounced in juice tissues. Both fresh and dry weights followed trends similar to those observed in other citrus fruits (Bain, 1958; Sinclair, 1984) . The rapid increase in fresh and dry weight of fruit was typical of Stage II development observed in grapefruit (Lowell et al., 1989) and 'Valencia' oranges (Bain, 1958) . Distribution of assimilates from fruit vs. leaf sources during 24-hr experiments. In May, when young fruit were accumulating dry weight most rapidly, 58% of the total 14 C-labeled photosynthate from adjacent source leaves was transported into fruit within 24 hr (Fig. 2) . The percentage of 14 C-labeled photosynthate exported from leaves to fruit decreased during fruit development, as did the overall rate of dry weight increase by fruit. These results are consistent with previous studies that indicate that the presence of rapidly growing fruit can increase the proportion of the photosynthates exported (Bollard, 1970; Kadoya, 1974; Lenz, 1979) .
Distribution of leaf-derived 14 C-labeled photosynthates within fruit changed during grapefruit development, but only in approximate relation to the extent of new dry matter added to individual tissues. The association between them appeared least close in May experiments (Figs. 1A and 2A) . A disproportionately small amount of 14 C-labeled photosynthates entered the flavedo relative to dry weight increases observed before and after radiolabelling studies in May. Some peel dry weight, therefore, does appear to have been derived from sources other than current leaf photosynthesis. Later, the extent of new dry weight added to juice tissues indicated that juice sacs, collectively, became the dominant sink for photosynthates. This result is consistent with greater proportions of leaf 14 C-labeled assimilates recovered in juice tissues of fruit examined during these phases of development (Fig. 2 B-D) . Fruit development at each set of experiments is indicated in approximate number of months past anthesis in 1986. Each column designates total radiolabelled photosynthesis recovered in a given tissue, with shaded portions designating the ethanol-soluble fraction (primarily sugars, organic acids, amino acids, and essential oils) and open portions indicating the insoluble fraction (starch and/or cell wall constituents). Vertical bars at the tops of columns denote SE of four replications for tissue totals. Ped = pedicel, Fl = flavedo, Al = albedo, Jt = juice tissues. Total disintegrations per minute recovered after 14 CO 2 fixation in May, June, July, and September were -4.6 (±1.1), 2.0 (±0.4), 1.5 (±0.1), and 0.7 (±0.2) × 10 8 , respectively, when leaves were exposed to the label in the light, compared to 1.4 (±0.3), 1.5 (±0.2), 2.8 (50.8), and 0.8 (+0.2) × 10 8 for fruit labeled in the light, and 2.6 (±0.1), 3.2 (±0.4), 6.7 (±0.9), and 5.0 (±1.0) x 10 6 for fruit labeled in darkness.
Translocation and distribution of 14 C-labeled assimilates resulting from 14 CO 2 fixation by leaves in darkness were similar to that in light, but a greater percentage ( 80%) was retained in leaves (data not shown).
Distribution of 14 C-labeled assimilates arising from 14 CO 2 fixation by fruit differed depending on the occurrence of the process in light or darkness and the stage of fruit development (Fig. 2 ). Flavedo appears to be able to fix CO 2 either from the external environment or from endogenous respiration (Bean et al., 1963) . Photosynthetic refixation of respiratory CO 2 by whole grapefruit is also evident in the substantial extent to which CO 2 evolution by fruit is reduced when transferred from darkness to light (data not shown). This process is not likely to make important con- tributions to juice sac carbon balance, however, because such inward transfer did not occur in the present study for products of exogenous 14 CO 2 assimilation. Assimilates radiolabeled via exogenous 14 CO 2 remained predominantly in the peel 24 hr after photosynthesis by intact fruit (Fig. 2) . In these experiments, > 60% of the labeled assimilates remained in the flavedo, whereas < 30% appeared in the albedo and < 4% were recovered in juice tissues. Substantial inward diffusion of CO 2 can apparently take place in these fruit (discussed subsequently with Fig. 4) ; however, data shown here indicate exogenous CO 2 is likely to be of minimal significance to total carbon balance of juice sacs. The situation may differ relative to organic acid formation in these tissues. Distribution of 14 C-labeled assimilates after dark 14 CO 2 fixation by fruit differed substantially from patterns observed after fruit photosynthesis in the light (Fig. 2) . A considerably greater portion of the assimilates labeled during dark 14 CO 2 fixation was localized in juice tissues and, in several instances, the albedo. In June and September experiments, more radioactivity was recovered in juice tissues than in any other fruit part. The lesser amounts of 14 C localized in juice sacs of younger fruit may have been due to the physically small portion of these fruit occupied by sacs. The total percentage of labeled assimilates derived from dark CO 2 fixation increased dramatically in juice tissues after June and remained constant at later stages. Dark CO 2 fixation can be an anaplerotic reaction for amino and organic acid synthesis and is often associated with growth, pH balance, and energy supply in plants (Latzko and Kelly, 1983) . Fruit CO 2 assimilation observed here may also be related to the organic acid synthesis in citrus fruits as proposed by Huffaker and Wallace (1959) . The developmental timing and extent of dark CO 2 fixation in the present study are consistent with both of the above.
Overall, a greater portion of leaf and fruit 14 C-labeled photosynthates was recovered in the ethanol-soluble fraction (primarily sugar, organic acids, amino acids, and essential oils) than in the ethanol-insoluble fraction (primarily starch and structural components) (Fig. 2) . Radioactivity in the ethanol-insoluble fraction after photosynthesis in fruit flavedo was greatest early in fruit development and might have been associated with the rapid increase in dry weight of cell wall constituents during this period. The ratio of 14 C-labeled assimilates incorporated into the ethanol-soluble and -insoluble fractions of flavedo, albedo, and juice tissues was similar to the total proportions of those constituents in dry matter reported by Sinclair and Jolliffe (1960) .
Long-term redistribution of fruit 14 C-labeled photosynthates. Distribution of fruit-derived photosynthates among major fruit tissues changed little between 24 hr and 7 days (Fig. 3) . The 24 hr distributions noted earlier (Fig. 2) are thus likely to represent long-term Vocalizations. This is not true for redistribution that occurs within juice tissues [transfer from segment epidermis through juice sac stalks to sacs is extremely slow (Koch and Avigne, 1990) ], but collective analyses of these tissues are consistent with data shown here.
Products of fruit photosynthesis were redistributed during 1 + 24 hr pulse-chase experiments ( Table 1 ) and indicated that some 14 C-labeled assimilates moved inward from flavedo to albedo and 818 Fig. 4 . Distribution of 14 C-labeled assimilates within young grapefruit ('Foster' seedless clone no. 1-26-39, 2 months past anthesis) after exposure of recently detached fruit to 14 CO 2 in the dark (A) for 1 hr, followed by (B) ambient air for an additional 6 hr in the dark or (C) 24 hr in continuous darkness. Vertical bars denote SE of four replications. Fl = flavedo. Al = albedo, Jt = juice tissues. Total mean dpm recovered at 1 hr, 1 + 6 hr, and 1 + 26 hr were 255 (±26) × 10 3 , 140 (±24) × 10to albedo during the subsequent 24 hr were considerably greater than those moving into juice tissues. More fruit 14 C-labeled photosynthates have been recovered from juice tissues of satsuma mandarins (Akao and Tsukahara, 1979) than were observed by us, but the albedo of mandarin-type fruit, is far thinner than that of grapefruit. More extensive redistribution of fruit photosynthates is also evident in soybean and pea, where products of respiratory CO 2 refixation in pods are translocated to developing seeds (Atkins et al., 1977; Quebedeaux and Chollet, 1975) . Inward redistribution of 14 C-assimilates initially fixed in green peel of grapefruit could have occurred via loading into the extensive vascular network in the flavedo; however, this would presumably require that fruit photosynthates be loaded into phloem at the same sites where leaf photosynthates were unloaded. Both would be unlikely to occur at the same time. Movement could also have proceeded slowly from cell to cell as long as a favorable gradient of solutes existed. Sucrose and hexose concentrations at later stages of development are compatible with the above interpretation (Lowell et al., 1989; Koch and Avigne, 1990) . Another possibility is internal diffusion and refixation of respiratory 14 CO 2 , favored by extensive air spaces in the albedo and heavy cutinization of the flavedo.
Localization of 14 C-labeled assimilates 1 hr after exposure of fruit to 14 CO 2 in darkness changed only within peel tissues during the subsequent 6 and 24 hr (Fig. 4) , indicating that radioactivity recovered in juice tissues was the likely result of initial carboxylation reactions within the juice sacs themselves. This result also implies that ample 14 CO 2 could diffuse from the atmosphere to juice tissues despite much higher CO 2 concentration reported inside the 'fruit by Eaks and Ludi (1960) . Percentages of 14 C-labeled assimilates in albedo increased during the 23-hr initial fixation (Fig. 4) , but the total disintegrations per minute recovered in this tissue did not differ significantly between 1 and 6 hr (Yen, 1988) . Albedo also had the lowest respiratory rate when individual fruit tissues were measured (Yen, 1988) . The greater percentage of 14 C-labeled assimilates recovered in albedo relative to other fruit tissues after 24 hr may partially reflect a lesser release of respiratory 14 CO 2 . Leaf photosynthates supplied primarily the juice tissues, while fruit photosynthates remained mostly in the peel. The distribution of 14 C-labeled assimilates relative to changes in fruit tissue dry matter indicated that fruit photosynthesis may play a substantial role in peel development. The CO 2 assimilation by fruit in darkness, a typical source of organic acids in many tissues, occurred here with a timing and localization suggestive of a similar function in juice sacs.
